This study was designed to evaluate the possible in vivo induction of DNA damage by exposure to radiation in cardiologists. The alkaline comet assay (single cell gel electrophoresis, SCGE), which appears to be a promising tool with which to estimate DNA damage at the single cell level, has been used. The assay was carried out on 30 cardiologists currently employed in a busy cardiac service and 30 healthy unexposed controls. Venous blood samples were obtained from the exposed and control subjects and SCGE was examined in 100 cells graded as undamaged, intermediate, and tailed nuclei. The number of undamaged nuclei was almost the same in control and exposed subjects. The extent of DNA migration (SCGE assay) did not distinguish between the samples in either the nonsmoker exposed or nonsmoker control subjects, which leads one to wonder whether a difference in DNA damage really exists. Previous studies reported increased DNA damage in blood lymphocytes of smokers. In our study, the percentage of damaged cells increased either with the frequency of smoking or exposure to radiation. A statistically significant difference was observed both in smokers and exposed subjects.
protein crosslinks, and damage to purine and pyrimidine bases. Many reviews concerning the health of staff occupationally exposed to radiation sources are available and these data have been summarized very clearly by the United Nations Scientific Committee in 1988.
1) The comet assay or single cell gel (SCG) assay is a new method that allows efficient determination of single-strand breaks and double-strand breaks, as well as alkali-labile sites in the DNA of single cells. In order to demonstrate the practicability of the comet assay for the detection of DNA damage caused by low doses of ionizing radiation, we exposed human peripheral blood cells to radiation in vitro. 1) Scattered radiation is the chief radiation hazard to the staff of catheterization laboratories. Every X-ray exposure has two components; the main or primary beam and the scattered radiation known simply as scatter. The main beam carries the diagnostic information, and being of high intensity, constitutes the chief radiation hazard to the patient. Scatter consists of radiation of lower energy deviated in all directions, including backwards from the main beam measured by various studies [2] [3] [4] [5] [6] and radiation hazards to the cardiologists were reported in detail by a subcommittee of the British Cardiac Society in 1993. 7) With regard to the hazard of radiation doses, current assessment by the International Commission on Radiological Protection (ICRP) indicates at low doses and at low dose rates a fatal cancer rate of 4% for a working population age 24-62 years. This is an average for this age group; the actual risk is rather larger at the younger end of the age group and less in the older. 8) In this study, we evaluated the genotoxic risk of radiation in lymphocytes of 30 cardiologists working in cardiac catheterization laboratories using the comet assay. This assay has been shown to be a very sensitive method for the evaluation of DNA damage (primarily single-strand breaks and alkali-labile damage) in individual cells. 9, 10) Furthermore, since the DNA migration data are obtained on a cell-by-cell basis, this assay can measure the intercellular distribution of both DNA damage and repair. 11) Prior to the present study, neither patients nor cardiology staff exposed to radiation during cardiac catheterization had been subjected to the comet assay. The assay involves embedding cells in agarose gel on microscope slides and lysing with detergent and high salt. The slides are then soaked in alkaline solution to allow cleavage of DNA at alkali labile sites. During electrophoresis under alkaline conditions, cells with damaged DNA display increased migration of DNA from the nucleus towards the anode. Broken DNA migrates further in the electric field, and the cell then resembles a "comet" with a brightly fluorescent head and a tail region, which increases as damage increases. Therefore, the technique is called the "comet assay" and was reported in the literature in 1998 as being the most sensitive technique for the detection of DNA damage in cells exposed to low doses (such as 0.6 cGy) of radiation. 
METHODS
The study included a total of 60 donors; 30 of whom were employed in a busy cardiac catheterization unit and 30 healthy unexposed controls. The Turkish Atomic Energy Association permits 400 mrem radiation dose month and the dose measured in the laboratory has always been recorded every month and the results of these measurements were all below the permitted level.
The duration of employment of the cardiologists in the unit ranged from 1 to 10 years, except for two who had been employed for 25-30 years. The ages of the exposed group ranged from 24 to 62 years. All subjects who agreed to participate in the study were in good health and had completed a detailed questionnaire including items concerning their occupational exposure and potential hazards such as smoking, drug consumption, viral disease, recent vaccinations, and radiodiagnostic examinations. Subjects with confounding factors for DNA damage were excluded. Blood samples were taken from the exposed group on the last day of their work week. Data for the exposed and controls are shown in Table I . Chemicals: All chemicals were purchased from Sigma Chemical unless otherwise stated. Lymphocyte separation medium was obtained from ICN Flow and TC-199 from Gibco. Superfrost 1.0-1.2 mm thick microscope slides from Merck were used. Normal and low melting point agars were obtained from Gibco. Dulbecco phosphate-buffered salts (PBS), without Mg and Ca, were purchased from ICN Flow. Peripheral blood lymphocyte preparation: Five milliliters of blood was carefully layered over 8 mL of lymphocyte separation medium in a Sterilin Universal (Bibby Sterilin) and centrifuged at 2000 × g for 15 minutes. After the plasma layer was removed and saved, the buffer layer was carefully removed and the cells were washed with TC-199 medium and collected by 10 minute centrifugation at 1000 × g. The lymphocytes were resuspended at approximately 10 7 /mL in TC-199 medium with 20% v/v plasma and 10% v/v DMSO. Lymphocytes can be transferred to microfuge tubes and stored at -80°C, however, we performed most of the comet assay on freshly isolated material. The alkaline comet assay (single cell gel electrophoresis): Slides were prepared in duplicate. Normal 0.5% agarose (120 µL) in PBS was layered onto a precleaned microscope slide, immediately covered with a coverslip, and allowed to solidify. Cells (1500/10 5 ) were mixed with 75 µL of 0.5% low melting point agarose in PBS at 37°C, the coverslip removed, and the mixture added to the slide. The coverslip was replaced and the slide placed on ice for 5 minutes. After solidification of the agarose, the coverslip was gently removed, a top layer of 75 µL low melting point agarose was added, the coverslip was replaced, and the slide returned to ice. Once the top layer had solidified, the coverslip was removed and the slide gently immersed in cold lysing solution (2.5 M NaCl, 100 mM EDTA, 1% N lau- - ryl sarcosine, 10 mM Tris-HCl, pH 10, to which 1% Triton X-100 and 10% DMSO had been added fresh). The slides were left at 4°C for at least 1 hour. Electrophoresis and staining: The slides were removed from the lysing solution and placed close together in a horizontal gel electrophoresis tank (Pharmacia GNA 100) near the anode. The tank was filled with fresh electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH 13) to a level of 0.25 cm above the slides, which were then left to soak for 40 minutes in the alkali. Electrophoresis was carried out for 20 minutes at 19 V and 300 mA using a consort E 425 electrophoresis power supply. All of the above steps were carried out under dimmed yellow light to avoid the induction of DNA damage.
After electrophoresis, the slides were gently removed from the tank and neutralizing buffer (0.4 M Tris-HCl, pH 7.5) was added drop-wise to the slides three times, allowing the slides to sit for 5 minutes each time. Excess liquid was blotted from each slide and the DNA was stained with 50 µL of ethidium bromide (40 mg/mL). A clean coverslip was then placed over the slide. Slides were stored in a closed container at 4°C and analyzed within 24 hours since gel dehydration over longer storage times causes deterioration in slide quality. DNA migration (comet) assessment: At least 100 cells in two slides per subject were analyzed (original magnification × 200) under a fluorescent microscope (Zeiss) equipped with an excitation filter of 546 nm and barrier filter of 590 nm. Comets form as the broken ends of a negatively charged DNA molecule becomes free to migrate in the electric field towards the anode. The assay provides direct determination of the extent of DNA damage in an individual cell. The extent of DNA damage can be assessed from the length of DNA migration, which is derived by subtracting the diameter of the nucleus from the total length of the image. Several commercial software systems are now available and can be configured to estimate total DNA content and comet image length. The tail length can also be measured from the trailing edge of the nucleus to the leading edge of the tail, using a calibrated scale in the ocular of a microscope. However, it is also possible to determine the degree of damage by grading the cells as normal (undamaged), intermediate (at low damage levels, stretching of attached strands of DNA, rather than migration of individual pieces is likely to occur), and tailed (with increasing numbers of breaks, DNA pieces migrate freely from the nucleus forming comet images). A minimum of 100 cells were analyzed in duplicate for each sample and the slides were scored blind by two independent investigators. Statistical analyses: Statistical comparisons within the grade of DNA damage in controls and exposed cardiologists were analyzed using the Mann-Whitney U test. The duration of occupational exposure was analyzed by multiple regression analysis using a straight line model (New Regression Program) and the signifi-cance between groups was evaluated using one or two-way analyses of variance (ANOVA Program). Table I details the individual data, such as age, duration of exposure, smoking habits, SCGE assay scores, and the mean percentage of cells graded as without migration (undamaged) versus migration (intermediate/tailed) and control subjects. There were no significant differences between the ages of the exposed and control groups of smokers and nonsmokers (34.0 ± 4.9 versus 37.3 ± 7.4 in the smoking group, P > 0.05 and 35.0 ± 9.9, versus 39.1 ± 5.6 in nonsmokers, P > 0.05). There was no significant difference in cigarette smoking habits between the exposed and control groups (15.45 ± 5.22 versus 16.09 ± 4.70, P > 0.05). The duration of exposure was about 6.27 ± 7.43 years in the exposed individuals. Table II shows the mean grade of damage in lymphocytes from the cardiology staff and controls. There was no significant difference in the frequencies of undamaged cells or cells with intermediate migration in the exposed versus control subjects (P > 0.05). However, a significant increase in the mean number of cells with tailed DNA migration was found between the control and exposed groups (P < 0.05). Also, a significant increase in the mean number of cells with DNA migration was found in smokers versus nonsmokers. The correlation between the duration of occupational exposure and the SCGE frequencies was not significant (r = 0.20, P > 0.05, y = 6.35 + 0.07 f = 0.71). Frequency histograms for undamaged and migrated cells (intermediate/tailed) in the exposed and control subjects are shown in the Figure. Prominent elevation of migrated cells (intermediate/tailed) was found for exposed smokers compared to the control nonsmokers. Values are the mean ± SD. P values within groups A1U-A2U: P < 0.05, A1T-A2T: P < 0.05, B1U-B2: P > 0.05, B1I-B2I: P < 0.05. P values between groups A1U-B1U: P < 0.05, A1T-B1T: P < 0.05, AT-BT: P < 0.05.
RESULTS
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DISCUSSION
The comet assay, a relatively new molecular technique, has not been applied to the biomonitoring of DNA damage in an invasive cardiologist who is exposed to ionizing radiation. Radiologists, unlike cardiologists, are frequently involved in X-ray based procedures and thus are probably more aware of cumulative occupational radiation exposure. The European Standards Committee on Oxidative DNA Damage (ESCODD) was set up to examine critically different approaches to measure base oxidation in DNA. The comet assay is one of the measuring techniques of ESCODD and measures DNA breaks by either the ability to relax DNA supercoiling or allowing the DNA to migrate under electrophoresis, forming a comet-like image in which the % DNA in the tail reflects the break frequency. 12, 13) Some studies have shown that interventional cardiologists may be receiving a higher dosage than their radiological counterparts, which suggests that there may be room for improvement in the radiation hygiene of cardiologists. 13) In the present study, we investigated DNA damage in a group of 30 cardiologists employed in a busy cardiac catheterization laboratory. There was a significant increase in the frequencies of cells with migration in exposed versus control subjects. This means that, ionizing radiation may is harmful for the catheterization staff; therefore, they must protect themselves with the latest developed equipment. Also, a significant increase in the mean number of cells with DNA migration was found in the smoking group. Therefore, smoking would appear to play a causative role in the higher incidence of DNA damage (stretched/comet imaged) observed both in the control and exposed groups. Evaluation of the performance of the comet assay in the detection of in vivo damage caused by smoking was similar to a number of our previous studies [13] [14] [15] and significant increases in the mean frequency of sister chromatid exchanges have also been reported in various occupationally-exposed smoker subjects compared with their smoker controls. [16] [17] [18] [19] [20] [21] There are no published data on the effects of radiation exposure in cardiologists using the recently developed comet assay. Since the level/type of exposure and protective measures vary in different occupational studies, a comparison between them is difficult. Furthermore, it is obvious that there are many other individual factors that can cause DNA damage, such as previous and current medications, excessive diagnostic radiation, endogenous infections, poor nutrition, diabetes, polymorphic metabolizing genes, and DNA repair efficiency. [22] [23] [24] Radiation hazards in cardiology have always been a problem, but one factor, the increasingly complex procedures that are needed in interventional cardiology, is making it more pressing. The radiation dose received by staff during cardiac radiological studies has been investigated by Jeans, et al 19) who reported that the only staff members whose annual occupational exposure approaches the occupational exposure limits were the cardiologists. The highest radiation exposure is during angioplasty procedures. A cardiologist would exceed the occupational exposure limit if he or she performed five coronary angioplasties per year in addition to an ordinary catheterization workload. However, a total of 800 to 1000 coronary angioplasties were performed by these cardiologists per year in addition to the other procedures. Therefore, modifying or upgrading existing equipment and paying attention to radiation shielding are both very important. In all hospitals there are radiologists who provide a body of experience that may be of value to cardiologists. 7, 24, 25) In conclusion, these were no differences in the extent of DNA migration between the nonsmoker exposed or nonsmoker control subjects, although smokers, either exposed or not, had significant differences in the mean number of damaged cells even though their smoking habits were almost the same. The assay has a special significance since it provides very sensitive information on smoker subjects and the biological data presented in this paper imply that DNA damage in interventional cardiologists is caused by radiation and tobacco smoke. Since the elevated grade of DNA damage in cardiologists exposed to radiation indicates a possible genotoxic hazard, careful measures and full cooperation between cardiologists and radiologists should be undertaken to reduce the hazards of exposure to radiation.
